Abstract: A wavelength-tunable passively-synchronized 1-µm Q-switched and 1.5-µm gain-switched dual-wavelength pulsed fiber laser has been demonstrated with a single gain fiber for the first time to our knowledge. The realized dual-wavelength co-oscillation is based on a dual ring-cavity configuration with a common Er/Yb co-doped fiber (EYDF). The Q-switched 1-µm pulses are generated through the saturable absorption effect of unpumped EYDF aided by a 1.5-µm oscillation cavity, whereas the 1.5-µm pulses are produced by the gain-switching of Er 3+ ions induced by the 1-µm Q-switched pulses. A tuning range of 11.7 nm from 1045.3 to 1057 nm and 29.7 nm from 1535 to 1564.7 nm are obtained at stable synchronized pulse operation for 1 and 1.5-µm spectral bands, respectively.
Introduction
Dual-wavelength lasers, especially synchronized dual-wavelength pulsed lasers with large pulse energy and high peak power, are required in many applications such as nonlinear frequency conversion [1] , [2] , pump-probe spectroscopy [3] and Raman scattering spectroscopy [4] . The synchronized dual-wavelength mode-locked lasers operating at the same repetition rate have been demonstrated using different methods: active synchronization where electronic feedback is applied to control the cavity length [5] and passive synchronization based on various mechanisms such as cross-phase modulation (XPM) [6] , [7] and cross-absorption modulation (XAM) [8] , [9] . In comparison, passive synchronization can tolerate relatively large cavity mismatch and produce pulses with low timing jitter. Compared with solid-state lasers, fiber lasers have many attractive characteristics including compactness, environmental stability, good heat dissipation, high efficiency and excellent beam quality. Consequently, passively synchronized dual-wavelength pulsed fiber lasers have attracted considerable attention in recent years.
Passively synchronized dual-wavelength pulsed fiber lasers have been demonstrated previously using a single rare-earth doped gain medium [10] - [13] , which leads to narrowly separated wavelengths and limited wavelength tunability. In order to overcome these limitations, two gain media have also been exploited to develop the synchronized dual-wavelength pulsed fiber lasers with wide wavelength separation. In 2004, Rusu et al. presented, for the first time, a passively synchronized 1/1.5 µm dual-wavelength mode-locked fiber laser based on two gain fibers that were cascaded to share the same cavity [14] . Zhang et al. demonstrated passive synchronization of an Yb and Er doped mode-locked fiber lasers using a common carbon nanotube saturable absorber (SA) in 2011 [15] . Later on, Sotor et al. successfully demonstrated passive synchronization of Er and Tm doped mode-locked fiber lasers using a common graphene SA in 2014 [16] . However, the above approaches of generating passively synchronized mode-locked fiber lasers require precise control of the cavity lengths significantly increasing complexity of the system. In contrast, passive synchronization in the Q-switching regime becomes less susceptible to the cavity length mismatch. In addition, the passively synchronized Q-switched fiber laser has significant advantages such as high pulse energy, variable repetition rate and better wavelength tunability. In 2014, based on a common graphene SA, passively synchronized Q-switching at 1.06 µm with a Yb doped fiber and at 1.53 µm with an Er/Yb co-doped fiber (EYDF) was reported by Wu et al. [17] . Recently, Cheng et al. obtained a dual-wavelength passively-synchronized Q-switched Tm doped fluoride fiber laser at 1.48 µm and 1.85 µm using a common graphene SA [18] .
Despite these extensive developments, it is anticipated that a widely separated dual-wavelength laser based on a single gain medium would be more efficient and attractive proposition. Cascade transitions of rare-earth ion is one way to generate a number of distinct emission wavelengths simultaneously, however, such a scheme relies heavily on host materials that support less energetic phonons [19] . In recent years, using Ho-doped fluoride fiber, Li et al. have realized a dual-wavelength synchronized 2 µm and 3 µm Q-switched fiber laser based on cascade transitions of Ho 3+ ions [20] and then obtained synchronized Q-switched 3 µm and gain-switched 2 µm pulses by Q-switching one of the cascade transitions thus modulating the adjacent transition to produce gain-switched pulses [21] , [22] . Another way to obtain simultaneous lasing at two widely separated wavelengths is the use of a single gain medium doped with two or more different rare-earth ions [19] . Depending on the co-seeding or co-oscillating of the laser oscillation at 1 µm [23] - [26] , it is possible to obtain simultaneous continuous wave (CW) operation at 1 µm and 1.5 µm using a length of EYDF [27] , [28] . However, until now there is no relevant reports on 1/1.5 µm synchronized dual-wavelength pulsed fiber laser based on a single gain medium including EYDFs.
In this paper, we report an all-fiber dual-wavelength passively-synchronized 1 µm Q-switched and 1.5 µm gain-switched fiber laser based on an EYDF. The 1 µm Q-switched pulse results from the saturable absorption effect of unpumped EYDF aided by a 1.5 µm oscillation cavity, whereas 1.5 µm gain-switched pulses are induced by the 1 µm Q-switched pulses. In addition, this synchronized dual-wavelength pulsed fiber laser shows good wavelength tunability over the respective spectral bands, which is independent of each other.
Experimental Setup
The experimental setup of the all-fiber dual-wavelength passively-synchronized pulsed fiber laser is shown in Fig. 1 including a simplified energy level diagram of Er 3+ and Yb 3+ ions. As the absorption cross section for Yb 3+ ions at the pump wavelength (975 nm) is much higher than that for Er 3+ ions, most of the pump light is absorbed by Yb 3+ ions, and excited to the 2 F 5/2 state. Due to the well-known "bottlenecking" effect of the Yb-Er energy transfer in the EYDF with high pump absorption coefficient [29] , population inversion of Yb 3+ ions leads to two phenomena. One of them is a resonant non-radiative energy transfer to the 4 I 11/2 level of Er 3+ ions, followed by a quick non-radiative transition to the 4 I 13/2 state inducing population inversion of Er 3+ ions and a consequent laser emission at 1.5 µm. Another one is the emission at 1µm, which can be reabsorbed as a secondary pump for 1.5 µm emission [29] , [30] . The setup consists of two loop resonators with one common branch including a 1.7 m long single-clad high concentration erbium/ytterbium co-doped fiber (EYDF) with the absorption coefficients of 1335 dB/m at 975 nm. A 975-nm single-mode laser diode (LD) with a maximum output power of 623 mW was used as the pump, which was coupled to the cavity with two in-house fabricated 980/1064&1550 nm wavelength division multiplexers (WDMs) connected in series. The 980/1064&1550 nm WDM ensures the coupling of both wavebands in the common branch. The additional WDM was used to protect the LD from any backward travelling 1 µm and 1.5 µm radiations. Both signals were combined and separated through two fused 1064/1550 nm WDMs. Additional two 1064/1550 nm WDMs were employed in each loop to remove 1 µm and 1.5 µm residual lasers ensuring the stability of each cavity. A polarization sensitive isolator (PS-ISO) was used in each loop to ensure co-propagation of the two laser signals in the common branch, whilst a polarization controller (PC) was used to change intra-cavity birefringence and optimize the laser output from each cavity. The PC together with the PS-ISO served as a polarizer, was also utilized to provide the birefringence-induced filtering effect to realize wavelength-tunable pulses. A 10/90 fiber output coupler (OC) was used in each loop to couple out 10% power at 1 µm and 1.5 µm respectively, and each loop has the same cavity length of ∼15.7 m.
Initial measurements for the dual-wavelength pulses were performed with the aforementioned setup. Then, the OC in each cavity was removed, and an OC with 50% output at 1064 nm and 20% output at 1550 nm together with a 1064/1550 nm WDM was inserted into the common branch to explore the relationship between the dual-wavelength pulses.
The laser output was observed using an optical spectrum analyzer (OSA, YOKOGAWA AQ6370B), a 1 GHz digital phosphor oscilloscope (Tektronix DPO 7014C), a 3 GHz RF-spectrum analyzer (Agilent, N9320A), and a photoelectric detector (Newport, D-100ir Detector 100 ps·950-1650 nm). Fig. 2 shows the simultaneously observed stable synchronized pulses at 1 µm and 1.5 µm with the increase of pump power. The repetition rates remained the same for both pulses and could be tuned simultaneously from 5.4 to 11.7 kHz by varying the pump power from 477 to 623 mW. Compared with the 1 µm pulses, the 1.5 µm pulses at higher pump power were accompanied by a tail.
Result and Discussion
At the maximum available pump power of 623 mW, the 3-dB linewidths of the two synchronized pulses centered at 1046.4 nm and 1545.5 nm were 1.18 nm and 0.72 nm, respectively, as shown in Fig. 3(a) and (b) . Corresponding RF spectra with signal-to-noise ratios (SNR) of 48 dB and 41 dB are exhibited in Fig. 3(c) and (d) , respectively, indicating that both synchronized pulses are stable. Fig. 4 shows the pulse duration and the corresponding pulse energy at 1 µm and 1.5 µm as a function of the incident pump power. With the increase in pump power, the pulse duration at 1 µm decreased whilst the pulse energy increased monotonically. Similarly, in the case of 1.5 µm signal, pulse energy increased monotonically while the pulse duration shortened initially and then remained nearly constant with the increase in pump power. At the maximum pump power of 623 mW, the pulse duration, single pulse energy and maximum average output power for 1 µm pulses were 5.3 µs, 402.6 nJ and 4.7 mW respectively, whereas, they were 4.6 µs, 374.4 nJ and 4.4 mW, respectively, for 1.5 µm pulses.
Furthermore, the wavelength tunability of 1 µm and 1.5 µm synchronized pulses was also demonstrated through fine-tuning of the PC orientation in their respective loop. As shown in Fig. 5(a) , the center wavelength of 1 µm pulses could be tuned from 1045.3 to 1057 nm with the 1.5 µm pulses centered at 1560.9 nm at the maximum pump power. Similarly, a tuning range of 29.7 nm from 1535 to 1564.7 nm was obtained with the 1 µm pulses centered at 1045 nm, as shown in Fig. 5(b) . This wavelength tunability is attributed to the birefringence-induced filtering effect [31] , [32] . It was observed that the pulse intensities at different wavelengths were varied with the orientations of the PCs. It is because the transmission function of the laser cavity with respect to wavelength is related to the orientation of the PCs. It is worth noting that the orientation of the PC in one cavity did not change the operating wavelength of the other cavity, but made an impact on the output power due to gain competition [27] .
The relationship between the dual-wavelength pulses was explored using the modified setup as shown by the dashed frame in Fig. 1 . Two stable synchronized pulse trains at the repetition frequency of 4.8 kHz with a time delay of ∼26 µs were observed at a pump power of 544 mW, as shown in ) shows the 1 µm and 1.5 µm pulses separated by a 1064/1550 nm WDM, and it could be seen that the 1.5 µm pulses lagged behind the 1 µm pulses. In addition, the time delay between the two pulse trains gradually decreased with the increase in pump power and finally overlapped at a pump power of 623 mW, as shown in Fig. 7 . The corresponding pulse repetition frequency was 9.0 kHz. The combined optical spectrum with two central wavelengths of 1059.5 nm and 1536.0 nm is depicted by the inset (a). Insets (b) and (c) show pulse trains at 1 µm and 1.5 µm, respectively.
The decrease in time delay between the two synchronized pulses with increasing pump power has similarly been observed between Q-switched and Q-switched induced gain-switched pulses in two-transition cascade fiber lasers [21] , [22] and the fiber saturable absorber (FSA) based dual-cavity fiber laser [33] . Furthermore, in our experiment, it was observed that in the case of dual-wavelength synchronized pulse operation, no pulse generated from the other loop if either of the loop cavity was disconnected, which is also believed to be a natural consequence of the mutual induction between the dual-wavelength pulses for FSA-based dual-cavity fiber lasers [33] , [34] . Accordingly, the following qualitative experiments were carried out to find out the exact types and the synchronization mechanism of the 1 µm and 1.5 µm pulses.
First, both PS-ISOs in the two cavities were replaced by two polarization insensitive isolators (PI-ISOs) and the synchronized pulses were still observed at a suitable pump power and PC orientations. Considering that there is no SA or polarized element in either cavity in this condition, it could be indicated that both of the dual-wavelength pulses cannot be attributed to nonlinear polarization rotation (NPR) effect but result from the possible self Q-switching or gain-switching. To ascertain further, two variable attenuators (VAs) with a maximum loss of 60 dB were inserted in the two loops to adjust the loss of each cavity, while the PCs in each loops were removed. It was found that the repetition rates of both 1 µm and 1.5 µm pulses reduced simultaneously with the increase of 1 µm cavity loss but increased with the increase of 1.5 µm cavity loss. The decrease of the repetition rate with the increase of cavity loss is a typical feature of Q-switched pulsed lasers. This suggests that the 1 µm pulses may be caused by the saturable absorption effect from the unpumped EYDF, which is similar to the self Q-switched Yb doped fiber laser studied extensively [35] . Furthermore, when the 1.7 m EYDF was cut to 0.3 m length, there were only higher-power CW outputs rather than pulsed outputs for both 1 µm and 1.5 µm oscillations, which confirms that 1 µm Q-switched pulses are generated by the unpumped EYDF serving as a FSA [36] . However, simultaneous increase of both 1 µm and 1.5 µm pulse repetition rates with the increase of 1.5 µm cavity loss indicates that the 1.5 µm pulse was not caused by Q-switching but probably a consequence of Q-switched induced gain-switching.
The progress of the self Q-switching and corresponding Q-switched induced gain-switching can be explained as follows. As the absorption coefficient of EYDF at 975 nm is 1335 dB/m, nearly all the pump was absorbed after passing through a very short length of the EYDF. In fact, there is no residual pump light after 0.3 m of EYDF even at the maximum pump power (623 mW), which was also observed experimentally. Therefore, at least 1.4 m unpumped EYDF serves as a SA to generate the 1 µm Q-switched pulses. With the generation of 1 µm Q-switched pulses and the subsequent reabsorption by Yb 3+ ions, the population inversion of Yb 3+ ions changes periodically, which then periodically modulates the population inversion of Er 3+ ions through the resonant nonradiative energy transfer process. This results in the 1.5 µm gain-switched pulses, which is similar in nature to the gain-switched EYDF lasers with pulsed pumping at 900 and 975 nm [37] , [38] . Moreover, the 1.5 µm pulses in our experiment were accompanied by a tail, which is a feature usually observed for gain-switched pulses [39] .
With this insight many of the experimental observations could be understood. The simultaneous decrease of repetition rates for 1 µm and 1.5 µm pulses with increasing 1 µm cavity loss is attributed to the lower intra-cavity power in the 1 µm cavity and thereby the decreasing bleaching rate of the FSA. However, increasing the 1.5 µm cavity loss reduces the depopulation rate of the Er 3+ ions and therefore the energy transfer rate from Yb 3+ to Er 3+ ions. Consequently, increasing Yb 3+ population in the upper energy state raises the 1 µm intra-cavity power and accordingly increases the bleaching rate of the FSA, resulting in an increase in 1 µm repetition rate accompanied by the increasing repetition rate of the 1 µm pulse induced 1.5 µm gain-switched pulses. It is worth noting that when 1.5 µm cavity loss was too high to generate 1.5 µm oscillation, 1 µm Q-switched pulses cannot be observed under any pump power or any attenuation in the 1 µm cavity, the reason for which could be explained as follows. On one hand, the reduced energy transfer from Yb 3+ to Er 3+ ions due to the high 1.5 µm cavity loss and the resulting high population inversion of Yb 3+ ions limits the reabsorption at 1 µm from the unpumped EYDF-based FSA. On the other hand, if the 1.5 µm cavity loss is too high to lase, the unpumped EYDF-based FSA would have a long relaxation time of ∼10 ms, lifetime of the excited state 4 I 13/2 of Er 3+ , which is much longer than the period between the possible 1 µm Q-switched pulses with several kHz repetition rate. As a result, the unpumped EYDF could not serve as an effective FSA in this case [33] , [34] .
Conclusion
In this paper, we have demonstrated, for the first time, a passively-synchronized 1 µm Q-switched and 1.5 µm gain-switched dual-wavelength pulsed fiber laser using a single piece of Er/Yb codoped gain fiber. The synchronized dual-wavelength pulses have a tuning range of 11.7 nm and 29.7 nm for the 1 µm and 1.5 µm wavebands, respectively. The 1 µm Q-switched pulse is attributed to the saturable absorption effect from the unpumped EYDF aided by the 1.5 µm laser cavity, which ensures higher absorption and shorter relaxation time for the unpumped EYDF-based FSA. Meanwhile, the generation and reabsorption of 1 µm Q-switched pulses periodically modulates the gain of the 1.5 µm cavity resulting in the 1.5 µm gain-switched pulses synchronized to the 1 µm Q-switched pulses. It is believed that this tunable passively-synchronized dual-wavelength pulsed fiber laser should be well-suited for many potential applications such as difference-and sum-frequency generation.
